Several nondestructive technologies are briefly described that can examine wood modulus of elasticity (MOE) variation in young trees. In genetic trials nondestructive sampling is often a priority; hence sampling is limited to the use of standing tree acoustic tools or increment cores whose wood properties are subsequently analyzed. If a detailed knowledge of radial variation is required, then SilviScan presents the most suitable option. If the number of trees examined is in the low thousands, then near infrared (NIR) spectroscopy or ultrasonics may be more cost effective than SilviScan. However, information regarding MOE radial variation will be of lower resolution than SilviScan and the estimation of wood properties by NIR spectroscopy relies on suitable calibrations that need to be created and maintained at some expense. If thousands of trees need to be assessed and knowledge of radial variation is not required then time-of-flight (ToF) acoustic instruments are the most suitable.
INTROducTION
mechanical properties are important wood characteristics for structural products, particularly modulus of elasticity (MOE) which provides a measure of the resistance of a wood member to deformation. Owing to the importance of this property for structural wood products, the increased availability of nondestructive tools facilitating its measurement, and the fact that the amount of corewood is increasing in the wood supply from more trees being harvested from fast growing plantations at younger ages, its measurement is becoming a significant component of many tree breeding programs (Jayawickrama 2001; Kumar 2004; Kumar et al. 2006 Kumar et al. , 2008 Li et al. 2007; cherry et al. 2008) . Because early selection of the best individuals is a common approach of improvement programs, the ability to nondestructively sample young trees, frequently at 8 years for many wood quality criteria (Apiolaza 2009), is required so as to preserve their genetic material for use in producing future generations. Two options exist for nondestructive sampling of MOE: the first involves measurements on standing trees, while the second is to collect small increment cores.
Traditionally, MOE is measured on clear-wood samples, typically 25 × 25 × 410 mm (ASTM standard d 143-94 2007), cut from bolts, i.e. selected sections of the stem, obtained from destructively sampled trees. This method is expensive and requires timeconsuming sample preparation. Typically, MOE data obtained by this technique is area weighted to approximate the average MOE of logs that potentially could be obtained from the sampled trees. This method relies on the bolts providing a continuous sequence of clear-wood samples from pith to bark; however, this is rare for young trees. As a consequence missing or defective samples due to the prevalence of knots makes the determination of weighted MOE problematic and introduces unnecessary noise into subsequent analysis. In addition, outer rings are frequently removed during preparation to provide a clean, straight edge on the samples which can give an underestimate of weighted MOE. Thus, most of the standards for determining MOE of short clearwood specimens are applicable only to mature trees (Lindström et al. 2002) . young trees rarely display sufficiently long internodes in the butt log (Lindström et al. 2002) and thus it is difficult to obtain defect-free samples. Hence alternative methods for the non-destructive determination of MOE have been explored including acoustics (e.g. Wang et al. 2000 and Huang et al. 2003) , near infrared (NIR) spectroscopy (e.g. Schimleck & Evans 2002) , and SilviScan (Evans 2006) . A brief description of these techniques and their applicability to the study of wood MOE in young trees is discussed.
Alternative methodologies

Option 1: MOE determination based on standing trees
Acoustics -time-of-flight
The time-of-flight (ToF) technique is the least destructive method for determining MOE (Wang et al. 2000) . Examples of instruments based on this technique are the TreeSonic and FAKOPP-2d tool (e.g. Kumar et al. 2002; chauhan & Walker 2006; Grabianowski et al. 2006; Raley et al. 2007) , the Fibre-gen ST300 (e.g. roth et al. 2007; Auty & Achim 2008; cherry et al. 2008 ) and the TreeTap tool (e.g. Lasserre et al. 2004 Lasserre et al. , 2005 Toulmin & Raymond 2007) . depending on the instrument, two or three probes (starting, transmitting, and receiving probes) are inserted into the stem separated by a pre-specified distance, generally 1 m centered on breast height, and a stress wave is induced in the tree by hitting the starting or transmitting probe with a hammer. The receiving probe detects the stress wave and the ToF is determined. As the distance between the probes is known the acoustic velocity can be determined. Longitudinal dynamic MOE (E d ) is calculated as:
where ρ is the green density of the wood (kg /m 3 ) and V is the acoustic velocity (m/s). If thousands of trees need to be assessed, as required for most tree improvement programs, and knowledge of radial variation is not necessary, then ToF instruments are the most suitable. compared to the other techniques ToF is the most rapid, allowing hundreds of trees to be tested daily, leading to a low cost per tree. However, only an estimate of MOE for the 20 to 30 mm of wood closest to the bark is provided (Auty & Achim 2008; Raymond et al. 2008) and radial resolution of the instruments can therefore be considered very low. Also, the presence of compression wood close to one of the probes and pronounced spiral grain can adversely affect sound travel and lead to underestimates of E D . Another assumption required is that greenwood density is constant between trees. This assumption is reasonable in most progeny tests since ρ is relatively constant among trees in the outer sapwood, implying that V is sufficient to evaluate standing trees for their structural value. If ρ varies considerably then estimates of E D will be in error; however, the findings of Mora et al. (2009) and Wielinga et al. (2009) suggest that the variation in ρ is small. Finally, it should be noted that ToF velocities are faster than resonance velocities; hence V 2 will overestimate MOE determined using static bending (Andrews 2003) . While the data may only be used for ranking purposes conversion between these two values is required if a realistic estimation of MOE is sought (Andrews 2003; Wang et al. 2007; Mora et al. 2009 ).
Option 2: MOE determination based on increment cores
The remaining techniques are all based on increment cores. MOE data obtained from these methods can be used to provide a better estimate of area weighted MOE and can also be used to examine radial variation of MOE. If a detailed knowledge of radial MOE profiles is required, for example to identify families or clones that transition rapidly from juvenile to mature wood, then SilviScan presents the most suitable option. If the number of trees examined is in the thousands then NIR spectroscopy or ultrasonics may be more cost effective.
Acoustics -ultrasonic
contact ultrasonic systems for measuring MOE of radial strips are based on commercially available transducers and equipment developed for measuring stiffness of paper are now available commercially through Sonisys. Measurement systems for wood are under development, for example, the Sonisys equipment has been recently validated with wood strips and small wood cores, and used to examine MOE variation (Peter et al., in prep.) . Strips are typically 1-8 mm thick in the longitudinal direction and velocity is measured on the cross-sectional face (Peter et al. 2000) . The resolution of the method is defined by the dimensions of the tips that make contact with the wood, with tips as small as 1 mm in diameter showing excellent signal to noise. Implementation of automated stages with appropriate sample holders leads to relatively continuous testing such that 2000 measurements per day can be done at relatively low cost. As with other acoustic-based methods, density at the same resolution as the ultrasonic data must be known to calculate MOE.
Near infrared (NIR) spectroscopy
A number of commercial NIr spectrometers are available including those manufactured by Analytical Spectral devices, Bruker, FOSS NIRSystems, Perkin Elmer and Thermo Scientific and all can be used to measure spectra from wood samples. This technique relies on measuring diffuse reflectance NIR spectra from the surface of a wood sample. Bands in the NIr spectra of wood arise from the vibrations of chemical bonds in various components and as a consequence variation in bands reflects changes in wood properties. Typically a characterized set of samples is used to generate a multivariate calibration model which is used to predict the property of interest for new samples. Wood property calibrations can be obtained using either software provided by the NIR instrument manufacturer or software developed specifically for this purpose for example GRAMS (Thermo Scientific), PLS toolbox (Eigenvector), SIMcA (umetrics), unscrambler (camo AS), and WinISI (Infrasoft International). Several studies (Thumm & Meder 2001; Via et al. 2003; Kelley et al. 2004; Schimleck et al. 2005) have demonstrated that NIR spectroscopy can successfully be used to estimate MOE. coefficients of determination (R 2 ) higher than 0.90 have been reported for MOE calibrations based on NIr spectra collected from both short-clear samples (e.g. Gindl et al. 2001 ) and radial strips analyzed by SilviScan (e.g. Schimleck & Evans 2002; Jones et al. 2005) . It is important to note, however, that the MOE range of the calibration samples and the accuracy of MOE measurements are both important determinants of fit statistics.
While NIR spectroscopy provides a suitable method for examining MOE variation in several hundred trees the information will be of lower resolution, i.e. spectra are collected in step sizes ranging from 0.4 mm to 10 mm (Jones et al. 2007; Evans et al. 2009 ), than SilviScan (minimum step size of 0.1 mm in its current configuration) or ultrasonics (step size = 1 mm). NIR spectroscopy is less expensive than SilviScan; however, the estimation of wood properties by NIR spectroscopy relies on suitable calibrations that need to be created, hence a large initial cost, and maintained at some expense.
calibrations can be based on spectra collected from a range of samples (strips, discs, bolts, or short-clear samples) consequently calibrations do not have to be limited to increment cores. In addition surface roughness does not have a big impact on calibration performance ) hence calibrations could be based on the surface of increment cores negating the need to cut radial strips. It should be noted though that calibrations are surface specific, i.e. models can only be applied to samples prepared in a similar way.
SilviScan
Three SilviScan instruments exist, located at the cSIRO Materials Science and Engineering (Melbourne, Australia), Innventia (Stockholm, Sweden) and Paprican (Vancouver, canada) laboratories. SilviScan predicts MOE by X-ray densitometry and diffraction data measured on radial strips cut from increment cores or discs (Evans 2006) . Strip dimensions are 2 mm tangentially × 7 mm longitudinally, with the radial dimension being determined by the pith-to-bark length of the sample. MOE is determined based on the relationship:
where A and B are the scaling and curvature parameters, respectively (determined by instrumental conditions and calibration method -usually sonic resonance), D is the air-dry density (kg/m 3 ) of the sample, and I CV (dimensionless) is the coefficient of variation of the amplitude of the azimuthal X-ray diffraction intensity profile (Evans 2006) . Radial resolution of MOE estimates currently ranges from 0.2 mm (determined by the diameter of the X-ray beam) to 20 mm (limited to avoid excessive contribution of fiber orientation variation to MFA estimates). Note that the resolution is approximately twice the step size. If the number of trees to be analyzed is small and knowledge of within-ring MOE variation is required, then SilviScan is a suitable option. Analysis time is relatively quick considering the amount of data generated (1000-3000 individual measurements/ day). At medium intervals (e.g. integrated over 5 mm) analysis can be done at a rate of approximately 50 samples per day. Although measurement at high spatial resolution can be relatively expensive on a whole-sample basis, the cost per measurement point falls to approximately 0.1 cents. Preparation of samples from increment cores is timeconsuming, but this is far less significant for high resolution analysis.
It should be noted that high resolution radial spectroscopic scanning is currently being integrated into SilviScan-3 so that chemical information can be included, and physical calibrations (MFA, MOE, density, etc.) can be maintained automatically.
In summary, three techniques are available that can be used to examine the radial variation of MOE and are summarized in Table 1 . The method utilized will depend on the number of samples requiring analysis, desired resolution and budget available. 
